Further investigation of the amino-acid sequence of bovine glutamate dehydrogenase (EC 1.4
hydrogenase also differs in having an additional three residues at the amino terminus. The amino-terminal residue of the chicken enzyme was found to be cysteic acid.
In a previous communication (1) , a tentative amino-acid sequence was proposed for bovine liver glutamate dehydrogenase (EC 1.4.1.3). Although the sequence of the major portion of the subunit polypeptide chain had been determined (2) (3) (4) (5) (6) (7) (8) , two gaps in the squence had not been overlapped and, in a number of locations, some sequence work had not been completed. We now wish to report essentially the complete sequence of the bovine enzyme, including some revisions of the earlier tentative sequence. Concurrently, we have investigated the sequence of the glutamate dehydrogenase of chicken liver with the possibility in mind that it might be somewhat easier to obtain complementary information that would span the gaps and, by homology, aid in completing the sequence of the bovine enzyme. In this communication, we report briefly on our findings; the detailed studies will be reported elsewhere. RESULTS 
AND DISCUSSION
The enzymically active monomeric form of bovine liver glutamate dehydrogenase consists of six identical subunit polypeptide chains, each with a molecular weight of about 56,000 (1) . Present information on the amino-acid sequence of the subunit of the bovine enzyme is shown as the continuous sequence in Fig. 1 . Where a continuous line is given under this sequence, the chicken enzyme is identical to the bovine glutamate dehydrogenase. Tryptic and cyanogen bromide peptides from the chicken enzyme were obtained by conventional methods and aligned partially by homology. Residues that differ in the chicken dehydrogenase are explicitly shown. In the present paper all residue numbers will be from the sequence shown in Fig. 1 ; these differ somewhat, as explained below, from the previous sequence.
Present evidence indicates that there are 500 residues in the bovine enzyme, six less than the earlier tentative sequence (1). Landon et al. (2) isolated a tryptic peptide, T22, that gave an analysis indicating a content of 13 residues. It is now known that this is in fact a heptapeptide, representing residues 148 through 154. A 50% recovery, on acid hydrolysis, of the amino-terminal phenylalanyl residue of the peptide led to the earlier erroneous conclusion that there was one residue of phenylalanine and two residues of each of the other amino acids. Indeed, it had been noted in a number of our studies (8) Gly-Leu-Ala-Tyr-Thr-Met-Glu-Arg-Ser-Ala-Arg-Gln-I le-Met-Arg-Thr-Al-t4et-Lys-Tyr-Asn-Leu-Gly-Leu-Asp- Leu-Arg-Thr-Ala-Ala-Tyr-Val-Asn-Ala-I le-Glu-Lys-Val-Phe-Arg-Val-Tyr-Asn-Glu-Ala-Gly-Val-Tr-Phe-Thr-COOH terminal hexapeptide, residues 361 through 366, Leu-GluArg-Asn-Ile-Met, residues 361 through 363 clearly were derived from peptide T40+41 (3), and the remaining three residues were derived from the carboxyl end of the intact CNBr peptide, as given above. This finding clearly demonstrated that a span of 29 residues, representing peptides T42+43A and T44 (2) (Fig. 3) , that had previously been placed in this region of the sequence (4) of the bovine enzyme, did not belong in this part of the moleculet.
The above result on the chicken enzyme was verified for the bovine enzyme by the following procedure. A mixture of peptides CNBr2 (residues 13-111) and CNBr1O (residues 260-366) (5) was prepared from a cyanogen bromide digest of the bovine enzyme. A unique -Asn-Gly-sequence (residues 349 and 350) in peptide CNBr1O was expected to be susceptible to cleavage by hydroxylamine (9) . The mixture of peptides CNBr2 and CNBr1O was treated with hydroxylamine by essentially the procedure of Bornstein and Balian (10) . From the reaction mixture, a peptide comprising residues 350 through 366 was isolated; this proved to have the same composition and sequence as obtained from the studies on the chicken enzyme.
It should be noted that Landon et al. (8) had isolated a thermolysin peptide, CNBrlO-L12, having the sequence, Leu-Glu-Arg-Asn. This peptide could not be fitted into the original tentative scheme (1) unless it was assumed that an allotypical replacement of an asparaginyl for an isoleucyl residue had occurred (8) . This clearly is not the case and peptide CNBr1O-L12 represents residues 361 through 364.
Peptic peptide, P52 (1), had provided definitive evidence for the overlap of tryptic peptides T42+43A and T44 (Fig.  3) . It was known that these last two tryptic peptides had to be derived from either peptide CNBr1O or peptide CNBr2 (8) , and since it was demonstrated that this sequence is not part of CNBr1O it must have been derived from the region between residues 50 and 80, i.e., from CNBr2 and in the other gap of the earlier tentative sequence (1). It was also known, from a study of the tryptic peptides derived from the maleylated bovine enzyme (4) , that residues 51 and 80 must each be preceded by an arginyl residue.
Evidence that residues 79 and 80 are linked was provided by a chemical cleavage at tryptophan-72. A mixture of peptides CNBr2 and CNBr1O from the bovine enzyme was treated with a bromine adduct of 2-(2-nitrophenylsulfenyl)-3-methylindole under the conditions described by Burnett and Eylar (11) . After chromatography of the mixture on t The earlier evidence that peptide T42+43A was joined to peptide T41 was indicated by a tryptic peptide obtained from the maleylated enzyme, peptide TOM 18+19 (4) . On reinvestigation it was found that peptide TOM 18+19 was an equimolar mixture of peptides TOM 18 and TOM 19 and not a single joined sequence.
Sephadex G-50, a peptide was isolated that was shown to comprise residues 73 through 111, thus establishing a definitive overlap.
The evidence for the overlap of residues 50 and 51 in the bovine enzyme is not so compelling inasmuch as it relies on a peptic peptide, comprising residues 50 through 60, with an overlap of only one amino-acid residue, namely, Arg-50. However, no peptides have been found in any of our earlier or present studies on the bovine or the chicken enzymes that are not accommodated by the sequence shown in Fig. 1 .
Homology relationships of the bovine and chicken enzymes
The essential lysyl residue of glutamate dehydrogenase, residue 126 (previously numbered residue 97), in both the bovine (6) and chicken liver enzymes react with pyridoxal 5'-phosphate with resulting inactivation of the enzyme. As indicated in Fig. 1 , the amino-acid sequence around the essential lysyl residue from residues 98 through 218 is identical in both enzymes. This is also the case for a long stretch of the carboxyl-terminal region including the sequence around tyrosine406 (previously numbered 412), which upon nitration modified susceptibility of the enzyme to GTP as an allosteric inhibitor (12) . In fact the overall homology of the two enzymes throughout the entire sequence is very considerable indeed.
From tryptic and cyanogen bromide digests of the chicken dehydrogenase we have accounted for some 485 residues out of a total of 503, assuming that there are no deletions or additions in those peptides of the chicken enzyme which, as yet, have not been isolated in pure form. Surprisingly, there are only 26 known changes in the sequence of the chicken enzyme when compared with the bovine enzyme for the 500 residues possessed in common by both enzymes.
A striking difference between the two enzymes occurs at the amino-terminus where the chicken enzyme has three additional residues. Thus, glutamate dehydrogenase is one of a number of examples (see ref. 13 for a recent review) of homologous proteins from different species in which additional residues occur at either the amino-and/or the carboxylends of the polypeptide chains.
It is also noteworthy that the amino-terminal residue of the chicken enzyme was always found to be present in oxidized form as cysteic acid, presumably because of oxidation either in the nascent peptide chain, after the protein was folded, or during the isolation procedures. All other cysteine residues were found as carboxymethylcysteine residues after carboxymethylation under reducing conditions. The presence of an amino-terminal cysteic acid residue had no detectable in- Asp-Asp-Gly-Ser-Trp-Glu-Val-I le-GIu-Gly-Tyr-Arg fluence on the enzymic activity of the chicken glutamate dehydrogenase.
